Introduction
Single-crystal silicon is the important material for the electronics industry. Characteristics of wafers greatly vary, depending on the oxygen concentration. Generally, the amount of oxygen in silicon is measured by an infrared absorption method, and standardized by ASTM. 1 However, for heavily doped substrates of resistivity below 0.1 Ω cm, free carrier absorption makes this method difficulty or impossible to use. Past experiments reported that there were good correlations between the oxygen concentrations compared with measurements using FTIR (FT-IR), secondary ion mass spectroscopy (SIMS), and the inert gas fusion infrared absorption method (GFA). [2] [3] [4] [5] [6] [7] The method of inert gas fused infrared absorption can analyze a silicon wafer that may be difficult for FT-IR and SIMS. However, there was a problem with the repeatability. To solve this, it is important to measure the bulk oxygen only after the surface oxide film has been removed. The study that removed the surface oxide film was done by using the method of inert gas fused infrared absorption in a steel field. 8, 9 In this study, trace oxygen in steel could be measured with high accuracy and precision. This study describes a method for analyzing the bulk trace oxygen content of a silicon wafer, from which the surface oxide film had been removed using an inert gas fusion impulse furnace.
Experimental
An inert gas fusion infrared absorption analyzer (EMGA-U620W, HORIBA, Ltd., Kyoto, Japan) was used to measure the oxygen levels. This instrument melted the sample using a graphite crucible heated to a high temperature in an inert gas (helium). Oxygen in the sample was reduced by the carbon of the graphite crucible to form carbon monoxide, which was subsequently measured with an infrared detector. An electronic balance (GR-120, A&D Ltd., Tokyo, Japan) was used to weigh the samples. Pure water from a water purifying apparatus (EQA-5S system, MILLIPORE Corp. Ltd., Tokyo, Japan) was used. Hydrofluoric acid, nitric acid, acetone, and petroleum benzine used for the washing process were all guaranteed reagents (NAKARAI Ltd., Kyoto, Japan). Standard reagents of HORIBA, Ltd. were used for the oxygen analyzer. Helium gas was of 99.99% purity (TAKACHIHO Chemical Industry Ltd., Tokyo, Japan).
The silicon samples were provided by KOMATSU Electronic Metals Ltd. (Nagasaki, Japan). The amount of oxygen in various samples was previously measured by FTIR, and determined to be 12.1 to 15.2 × 10 17 atoms/cm 3 (6 × 13 × 2 mm and approx. 0.35 g). An electric power of 7 kw (2900˚C) was applied to the graphite crucible for 40 s to remove and moisture and adsorbing gases. Afterwards, 1.8 kw (1300˚C) was applied to the graphite crucible for a total of 50 s. After the first 10 s, the sample was dropped into the graphite crucible, and the oxide film on the sample surface was reduced by the carbon and removed. The treated sample was then left in the graphite crucible for 120 s to cool, and was then taken out of the graphite crucible. The treated sample was placed back to the holder of the oxygen analyzer. Again, the graphite crucible was heated for 40 s with 7 kw (2900˚C). The graphite crucible was then continuously heated for 140 s with 3.4 kw (2100˚C). When the amount of carbon monoxide evolved from the graphite crucible became constant, the signal was adjusted to zero. Afterwards, the treated sample was dropped back into the graphite crucible for the bulk oxygen to be reduced by the graphite carbon. The evolved carbon monoxide was then measured using the infrared gas analyzer. A silicon sample that previously had its oxygen This paper describes a method for removing oxide film from the surface of silicon wafers using an inert gas fusion impulse furnace and precise determination of bulk oxygen within the wafer. A silicon wafer was cut to about 0.35 g (6 × 13 × 2 mm) and dropped into a graphite crucible. The sample was then heated for 40 s at 1300˚C. The wafer's oxide film was reduced by carbon and removed as carbon monoxide. The treated silicon sample was taken out of the graphite crucible and maintained again with the holder of the oxygen analyzer. The graphite crucible was then heated to 2100˚C. The treated silicon sample was dropped into the heated graphite crucible and the trace bulk oxygen in the wafer was measured using the inert gas fusion infrared absorption method. The relative standard deviations of the oxygen in silicon wafer samples with the removed surface oxide film were determined to be 0.8% for 9.8 × 10 17 atoms/cm 3 , and 2.7% for 13.0 × 10 17 atoms/cm 3 . content determined by FT-IR was analyzed under the same conditions and a calibration curve was constructed. The amount of oxygen of the sample was then calculated using a calibration curve. Figure 1 shows the sequence of the oxygen analyzer.
Results and Discussion
The optimum temperature at which the bulk oxygen was measured was determined by using a silicon sample (13.0 × 10 17 atoms/cm 3 ) whose surface oxide film had been chemically removed. The temperature non-uniformities of the graphite crucible were reduced by using an inner crucible of 10.7φ × 23.6 (h) for a graphite crucible of 13.7φ × 31.7 (h). The graphite crucible had been tested at temperatures ranging over 1500 -2400˚C. The crucible was heated for 40 s at each temperature setting. Figure 2 shows the results of the oxygen evolution. At 2000˚C or less, the gas extraction showed two wide peaks, and the analytical values were low. At 2100˚C or more, the gas extraction showed only a single peak, and the analytical values of oxygen showed good repeatability. However, at 2300˚C or more, the analytical values were sometimes anomalous. At 2300˚C or more, the melted silicon crept towards the upper electrode along the inner wall of the graphite crucible. The upper part of the graphite crucible was kept in contact with the water-cooled electrode. Therefore, oxygen in that cooler part of the graphite crucible could not be removed effectively. The possibility that the oxygen which existed in the upper part of graphite crucible is generated as a carbon monoxide might have contributed to the anomalous value. The optimal extraction temperature of the bulk oxygen was determined to be 2100˚C.
A chemically untreated silicon wafer was used to find the best surface oxide film removal conditions. The heating time was fixed at 40 s, and the temperatures used ranged over 700 -1400˚C, for the removal of the silicon surface oxide film. The bulk oxygen of the sample with the removed surface oxide film was measured.
The optimum removal temperature was determined from the relation between the heating temperature and the amount of oxygen. At 1200˚C or less, the reduction of the oxide film of the silicon surface by the carbon was insufficient. Generally, a temperature of 1200˚C or less does not have sufficient reaction activity for the carbon to effectively remove the wafer's oxide film by reduction. Therefore, the surface oxygen added to the bulk oxygen made the final oxygen concentration misleadingly high. At 1400˚C or higher, part of the surface of the silicon wafer melted. The temperature necessary to maintain the silicon sample just slightly below its melting point was determined by visually observing samples through the window above the upper electrode. Because silicon does not melt from 1250 -1350˚C, the surface oxide film removal temperature was set at 1300˚C. Evolution of carbon monoxide by the reduction of the surface oxide film finished within 40 s. As a result, the optimum conditions for the removal of the surface oxide film of the silicon wafer were determined to be heating at 1300˚C for 40 s.
The surface oxygen is defined as the oxide which can be reduced by carbon at 1300˚C (a temperature at which silicon does not melt). To confirm whether the silicon re-oxidized upon exposure to the atmosphere, two samples were compared. A silicon sample with its surface oxide film removed by the carbon reduction described above was left for 10 min at room temperature and 60% humidity. Afterwards, the total oxygen content was analyzed. Its oxygen content was compared with that of a wafer whose surface oxide had been chemically removed. There was no difference in the total oxygen between the two samples. Oxygen by the reoxidation of the silicon surface which had been left in the atmosphere for a short time was below the detection limit in this method. The detection limit was calculated to be 3-times the standard deviation of a blank signal, and was calculated to be 0.2 × 10 17 atoms/cm 3 . Eight silicon samples were measured by this heated carbon reduction method. The results are given in Table 1 . The relative standard deviations of the oxygen in silicon wafer samples with the surface oxide film removed were determined to be 0.8% for 9.8 × 10 17 atoms/cm 3 , and 2.7% for 13.0 × 10 17 atoms/cm 3 . The relationship between the oxygen concentrations measured using this method, and those measured by FT-IR is shown in Fig. 3 . The index of correlation was 0.9962. 
